INTRODUCTION
The conception of bifilar winding dates back to the last decade of the nineteenth century and is related to studies of the Serbian engineer Nikola Tesla (1856 Tesla ( -1943 in the development of electrical devices intended to transmit and distribute high frequency electrical energy [1] - [2] . As an example, Fig. 1 shows the difference between the winding method of a monofilar and bifilar coil for the helical shape. According to [3] , considering both coils of the same shape, diameter, wire spacing and same turn number, the mutual capacitance arising between bifilar coil windings is significantly greater than the self-capacitance [4] arising in the terminals of the monofilar coil. This is due to fact that the average voltage between adjacent turns in the bifilar coil is greater than in the monofilar coil by a proportionality ratio that is function of the number of turns [3] , [5] . Thus, the higher the number of turns, the higher the rate of proportionality between these two capacitances.
Consequently, this makes the first self-resonance frequency of the bifilar coil significantly smaller
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Denivaldo P. da Silva 1 and Sérgio F. Pichorim PSR sensor resonates at a certain self-resonant frequency without the aid of external capacitors due to the inductive and capacitive effect that occurs in their metal tracks and the influence of the medium that surrounds them. Generally, they are small, in the order of a few tens of millimeters, manufactured in PCB and coated with solder mask to protect against corrosion and short circuits between copper tracks.
At low frequencies and disregarding resistive losses, the bifilar coil can be modeled, in the opencircuit and closed-circuit configurations, as being two monofilar coils B1 and B2 with terminal pairs In its 1894 patent, Tesla has studied only the closed-circuit configuration of its bifilar coil as in 
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The current studies on square BPSC are generally still restricted to closed-circuit configuration for application as PSR sensor as in [9] , [10] . However, in open-circuit configuration, two BPSCs can be applied also for wireless power transfer (WPT) through their series resonances where the first impedance valley occurs, just as in [7] where tests with helical coils were performed.
Impedance curve of the open BPSC can be obtained by an impedance analyzer, but for the design of BPSC, it is interesting to predict it by means of an electric model that can determine with accuracy the first valley and the first peak of resonance.
Studies on modeling of open BPSCs acting at the series and parallel resonances are still rare. In [11] an open square BPSC is shown, but an electric model is not provided. In [8] the open BPSC is presented in the Archimedean shape, but the authors adopted an ideal electric model that covers only one resonance frequency and with an error of 22% relative to measured data. In practice, the manufactured BPSC still requires underpass tracks with the function of interconnecting the center of this planar coil to external terminals in order to connect it to an impedance analyzer for testing. Although BPSC generally has only one underpass track for each monofilar winding, the BPSC of Fig. 3 was designed with two underpass tracks for each monofilar winding in order to facilitate measurements between its terminals. The width w ov of the underpass track was chosen smaller than the track width w of each monofilar PSC in order to minimize the parasitic capacitance that arises between these tracks. 
Although resistances R s , R mm and R p have a fundamental role in the impedance frequency response curve of the proposed model, in order to estimate the first valley ω 1v (or f 1v ) and the first resonance peak ω 1p (or f 1p ) for the open square BPSC, the model described in Fig. 4 will be simplified by excluding the resistive losses, since their effect on resonant frequencies can be considered negligible.
This simplification will result in the impedance seen by terminals 1-4 as
being the angular frequency and the respective resonant frequencies are and (4)
As an example, Fig. 5 
A. Inductances and Magnetic Coupling Factor
For an open square BPSC of symmetrical layout which inductances of the B1 and B2 monofilar windings are considered identical, self-inductance L s can be determined by equation as presented in [13] for square PSCs and the mutual inductance M by the equation
,
and (12) ,
where is the air magnetic permeability, is the BPSC's average side, L b is its total inductance between terminals 1-4 with terminals 2-3 interconnected, is the fill ratio of each monofilar PSC and is the BPSC's fill ratio.
BPSC is analyzed in the closed-circuit configuration only for the calculation of total inductance L b .
All other inductances and capacitances of the proposed model will be determined with the BPSC in open-circuit configuration.
Resonance Valley
Resonance Peak
Again, considering the self-inductances of the monofilar windings B1 and B2 as being identical and using equations (6) and (7), the magnetic coupling factor is determined by the equation (14) The inductance calculation presented in [13] is based on approximating the sides of each monofilar PSC as current sheets, being its maximum error limited to 8% for PSCs with s/w < 3.
B.
Capacitances Mutual capacitance C m is a capacitance that arises between pairs of tracks belonging to B1 and B2 monofilar PSCs which are mutually coupled. This capacitance will be determined considering that the BPSC can be formed by CPW lines with finite-width lateral ground plane, assuming such ground plane width equal to w [14] - [15] .
It considers, initially, an alternating signal source applied to terminals 1-3 of 
Fig. 6 . Distributed capacitances C t along of three-wire parallel tracks that totalize an average length l av . These three-wire parallel tracks form four CPW lines, obtained from the BPSC with N=4 of Fig. 3 , discounting the first two outermost tracks and the last two innermost ones of monofilar PSC B1.
Fig . 7 shows the cross-section of only three adjacent parallel tracks of a BPSC which represent a CPW line with finite-width lateral ground plane surrounded by three dielectric materials: the top and bottom layers contain a solder mask with dielectric constant, respectively, ε r1 and ε r3 and between Applying the conformal mapping and superposition of partial capacitances techniques to the scheme shown in Fig. 7 , the capacitance per unit length of a CPW can be expressed as [15] ,
where is the effective relative permittivity and is the partial capacitance of the CPW in free space (vacuum or air).
where ε o is the electric permittivity of the vacuum (8.8542.10 -12 F/m) and K(k o ) and K(k' o ) are the complete elliptic integrals of the first kind that can be calculated by equations
and (23)
The effective relative permittivity is determined by equation 
and (30) where is the filling factor, and are elliptic integral moduli and is the relative height of the dielectric layer i, being i varying from 1 to 3 is the indice associated to each one of the three dielectric layers shown in Fig. 7 .
Thus, multiplying the equation (16) by (15), the mutual capacitance of the BPSC can be determined from the equation (31) The calculation of the mutual capacitance of BPSCs using CPW lines approach, proposed in this paper, will be compared with measured values only in section III. However, in order to test the validity of equation (31), comparisons were made with results obtained by EM simulations and with the calculation of mutual capacitances modeled by coplanar striplines (CPS) used in [8] .
For this purpose, EM simulations were performed with three groups of 10 BPCSs, according to Tables I to III, Tables I to III, were compared with the respective mutual capacitances modeled by CPS lines used in [8] . Results are presented in Fig. 8 .
As shown in Fig. 8 , the modeling of mutual capacitances using CPW lines proposed in this paper results in values of C m that are very close to the results obtained by EM simulations. For BPSCs of groups 1 to 3, the error of C m relative to C mEM ranged from 1.69% to 12.92%, whereas the error using the CPS lines approach proposed by [8] ranged from 30.20% to 46.93%.
According to equation (4), C m is related only with the first resonance valley of the open BPSC, whereas the total stray capacitance C p is associated with the first valley and with the first resonance peak, as presented in equation (5), and is defined as (32) where C s is the stray capacitance, named also as self-capacitance [4] , that arises between the turns of each monofilar spiral winding present in the BPSC's top layer, and C ov is the stray capacitance that arises between the top layer tracks and the underpass tracks, according to Fig.9 . While mutual capacitance C m was calculated using a distance s between adjacent tracks, the selfcapacitance C s is associated with a distance 2s between adjacent tracks and not 2s + w. As shown in which arises between its pairs of adjacent metal tracks will not be constant along the whole length of the planar spiral winding, but will gradually decrease, when comparing the outermost with the innermost turns of the PSC. Thus, the parasitic capacitances C ts distributed along the monofilar PSC B2 shown in Fig. 10 depend not only on geometric parameters and dielectric media as predicted in equation (31), but also depend on p.d. which is established between each pair of tracks or even of the respective portions of energy stored by the electric field between these metal tracks [16] .
This gradual voltage drop along the spiral winding makes the C s self-capacitance value of each monofilar PSC to be significantly smaller than the first estimate described in equation (33) mainly for PSCs with high number of turns. However, it is possible to take advantage of equation (33) by multiplying it by a degeneration factor obtained from EM simulations and with the aid of statistical data processing software [17] . This is the strategy adopted in this paper for the determination of C s . In order to determine degeneration factors, EM simulations will be performed again with the three groups of 10 BPCSs described in Tables I to III. However, this time, each BPSC will be simulated without underpass tracks, aiming to determine self-capacitances C sEM and mutual capacitances C mEM .
For each BPSC associated to groups 1 to 3, a degeneration factor was determined as a function of N m and defined as,
The ten and N m values for each group of BPSCs were introduced into the LAB FIT software which provided a fitting equation and its coefficients for the study of the data under analysis [18] .
Thus,
where constants and are represented in Table V . The curves shown in Figs. 11 to 13 are useful in the way of determining capacitances C s more quickly, without the necessity to perform new EM simulations, as long as the BPSC to be manufactured has parameters within the limits described in Tables I to IV . Therefore, a set of BPSCs with parameters outside the limits which have been mentioned in these tables will result in different coefficients and from those shown in Table V .
Results obtained for self-capacitances C s using the methodology adopted in this paper were compared with the respective C sEM obtained by EM simulations and were also compared with selfcapacitances obtained by the CPS lines approach used in [8] and [19] . These results are presented in Fig. 14 , where a good agreement of C s with the simulated results can be observed. For BPSCs from groups 1 to 3, the error of C s regarding C sEM ranged between 0.044% and 13.070%. On the other hand, the calculation of self-capacitances by CPS lines presented in [8] generated values between 22 and 110 times higher than C sEM , because in [8] the voltage drop along the spiral winding as well as the degeneration factors were not taken into account. Thus, comparing results described in Fig. 14 and Fig. 8 , the study presented in [8] is more suitable for the determination of mutual capacitances than for self-capacitances, although the error was still higher than 30% for mutual capacitances. In [19] , which also used the approach of CPS lines, it was already considered the voltage drop per turn, but an arbitrary degeneration factor equal to was adopted resulting in self-capacitances between 2.8 and 8 times greater than C sEM .
Fig. 14. Plots of self-capacitance versus N m for BPSCs (a) from group 1, (b) from group 2 and (c) from group 3: for C s using CPW lines and degeneration factor approaches adopted in this paper, for C sEM using EM simulations and by modeling of CPS lines used in [8] and [19] .
So far all the inductance and capacitance analysis described in this section has neglected the influence of the underpass tracks. However, in order to determine the total parasitic capacitance C p , it is necessary to estimate the stray capacitance C ov .
The capacitance C ov , shown in Fig. 9 , which arises between tracks of the BPSC's top layer and underpass tracks, can be estimated by equation (37) where (38) is the total area of all pairs of tracks overlapping between the top layer and underpasses, being the width of the underpass track fixed at 0.25 mm for all BPSCs studied in this paper in order to minimize the impact of C ov about the total stray capacitance C p . The effect of fringing fields is taken ref. [8] ref. [19] EM simulations proposed approach ref. [8] ref. [19] EM simulations proposed approach ref. [8] ref. [19] EM simulations proposed approach into account by the fitting factor obtained by electromagnetic simulations which value, for each group of BPSCs, is described in Table VI . Equation (37) is valid for the groups of BPSCs described in Tables I to III with a maximum error of 10% regarding the C ov obtained by EM simulation.
After determining C ov by means of the equation (37) and C s using equation (34), the total parasitic capacitance C p of each monofilar winding of the BPSC is then determined by equation (32).
III.
METHODOLOGY, RESULTS AND DISCUSSIONS
A. Methodology In order to validate the lossless model and the theory presented in the previous section, three double-sided BPSCs on FR-4 substrate, coated with solder mask were manufactured. The common specifications of these BPSCs are defined in Table IV and the individual specifications of each one are set in Table VII.   TABLE VII impedance matrix or to a Y admittance matrix. After determination of L s and M, the simulated magnetic coupling factor k can be determined by applying equations (40) and (41) in equation (14) .
The capacitance C p is obtained by the equation (39) being the angular frequency where the first resonance peak occurs and L s and M are determined by the equation (40) and (41) considering the BPSC as a quadripole (port 1 formed by terminals 1-2 and port 2 formed by terminals 3-4 of the BPSC) and and are elements of the impedance matrix Z of the quadripole.
The simulated capacitance C s is also determined in the same way described above for C p using equation (39), but the simulation must be done without the underpass tracks and simulated C ov , which in turn, is obtained by subtracting C p from C s .
In order to obtain simulated C m , the layout of each BPSC was drawn in the Keysight ADS with a short circuit between terminals 1-2 of the PSC B1 and also in the terminals 3-4 of the PSC B2 aiming to minimize the influence of the R p -C p and L s -R s branches on the simulated C m . Next, a single port was connected between B1 and B2 windings of the BPSC, and later, the S parameter matrix was converted into a Y admittance matrix.
Thus, 
Measured Parameters
C m , L s and M were measured according to the experimental procedure described by [22] for coreless planar transformers. In order to obtain measured C m , a short circuit between terminals 1-2 of the PSC B1 and also in the terminals 3-4 of the PSC B2 are done for reasons already described in the previous subsection. Value measured of L s was obtained between terminals 1-2 and with terminals 3-4 in opencircuit. For determination of the mutual inductance M, the following procedure was adopted: opposite polarity terminals 2-3 of the BPSC were initially short-circuited and the inductance L 14 seen by the terminals 1-4 was measured. Subsequently, the short circuit was removed between terminals 2-3.
Next, terminals 2-4 of the same polarity were connected and the inductance L 13 seen by terminals 1-3 of the BPSC was measured [22] .
From the measured values of inductances L 14 and L 13 , the mutual inductance M of the BPSC was determined using equation (43) After the determination of L s , M and the measurement of the first resonance peak f 1p , the capacitance C p can be estimated using equation (5) and k, again, by equation (14) .
The measurements of C p , C m , L s , M and k were also obtained at 1 MHz for the same reason mentioned for the simulated parameters. Tables VIII, IX The error for the modeled C p was smaller than 8% for the three BPSCs of Table VII . This error is related with the accuracy in the calculation of C ov and C s , which in turn depends on the accuracy of the degeneration factor curves and upon the precision of the modeled C m , associated with equations (31) and (34).
B. Results and Discussions
Regarding the error in the modeled C m , it depends not only upon the accuracy during the calculation of elliptic integrals, but also on the accuracy during the calculation of average length l av that, for simplicity, excluded the first two and the last two tracks of BPSC so that the mutual capacitance could The parameters L s , M and k had errors smaller than 10% using equations (6) to (14) .
The first resonances (peak f 1p and valley f 1v ) of each BPSC, using equations (4) and (5), were estimated with an error of less than 5%.
Tables XI to XIII show C ov and C s of the BPSC-1, BPSC-2 and BPSC-3 obtained both by the model and by EM simulation. These tables also show, in the last column, the percentage difference or error of each modeled capacitance regarding the simulated values, where it is observed that the respective errors of those two capacitances for the proposed model are smaller than 5%. It is important to note that the fact that each monofilar winding have been designed with two underpass tracks has make the C ov capacitance significant, representing more than 30% of the total parasitic capacitance C p for the three analyzed BPSCs. On the other hand, there was a negligible percentage difference of less than 0.5% when using any of the two underpass tracks to determine the electrical parameters due to the symmetry of the BPSC.
Finally, because underpass tracks are essential for connecting the BPSC to the impedance analyzer, such tracks could not be extracted from the manufactured BPSC. Thus, it was not possible to measure C ov and C s which prevents a comparative analysis with the values modeled of C ov and C s . IV.
CONCLUSIONS
In this paper an electrical model for the open square BPSC that covers the first valley and the first resonance peak for future applications as PSR sensor and WPT system was presented. The electrical parameters of the model were determined and a new approach was proposed to calculate mutual capacitances of BPSCs, based on CPW lines. In order to validate the proposed model, three BPSCs on FR-4 substrate and with solder mask were manufactured, tested on the impedance analyzer and also submitted to electromagnetic simulations. Subsequently, tables with the main electrical parameters were produced aiming to establish a comparative analysis between the results obtained with the proposed model, by EM simulation, as well as for the measured values. Finally, the parameters of the model were obtained with errors smaller than 10% and the first valley and the first resonance peak were determined with errors smaller than 5%, which showed good agreement with the data obtained in the analyzer impedance and by EM simulation.
